1. Introduction {#sec1-1}
===============

Functional evaluation of the retina is important for early detection and treatment evaluation of eye diseases, such as age-related macular degeneration (AMD) \[[@r1],[@r2]\], diabetic retinopathy (DR) \[[@r3],[@r4]\], and glaucoma \[[@r5],[@r6]\]. Previous investigations have demonstrated that autofluorescence alterations could be used to detect metabolic parameters such as partial pressure of oxygen \[[@r7]\] in biological tissues, and could also act as unique biomarker for selective evaluation of individual cell types such as retinal pigment epithelium (RPE) \[[@r8]--[@r12]\]. Without complexities of sample preparation and potential toxicity of exogenous biomarkers, autofluorescence imaging of endogenous fluorophores promises a noninvasive method for functional measurement of the retina \[[@r13]\]. Fundus imaging has revealed autofluorescence from choroidal vessels and the retinal pigment epithelium (RPE) \[[@r14]\]. In principle, fundus autofluorescence imaging may provide high resolution identification of localized retinal dysfunction and thus allow improved disease detection and treatment evaluation. However, multiple types of retinal cells may contribute to fundus autofluorescence. Previous investigations of the retina \[[@r11],[@r15]\] and other systems \[[@r16]--[@r18]\] have revealed that abundant endogenous fluorophores exist in both intracellular and extracellular compartments of biological tissues. Therefore, better understanding of cellular sources of fundus autofluorescence is essential to pursue advanced applications of this imaging technology.

Because of ocular aberrations and complex retinal structure, *in vivo* evaluation of the autofluorescence correlated with individual retinal cell types is challenging. In coordination with adaptive optics to compensate for ocular aberrations, *in vivo* autofluorescence imaging with cellular resolution in transverse direction has recently been demonstrated in macaque and human eyes \[[@r19],[@r20]\]. However, axial resolution of adaptive optics imaging is limited, typically larger than the thickness of individual functional layers of the retina \[[@r21],[@r22]\]. Therefore, *in vivo* dissection of the autofluorescence from individual retinal layers is still difficult.

Without the complication of ocular optics, isolated retinas can provide a simple *ex vivo* preparation for quantitative analysis of the contribution of individual retinal layers/cells, including the photoreceptor and inner retinal neurons, to the fundus autofluorescence. Fluorescence microscopy has been used to disclose robust autofluorescence in both outer and inner segments \[[@r23],[@r24]\]. In principle, two-photon imaging can provide sub-cellular resolution in both transverse and axial directions to characterize autofluorescence in intact retinas. Recently, two-photon autofluorescence imaging of both fixed \[[@r11],[@r15],[@r25],[@r26]\] and unfixed \[[@r27]--[@r29]\] *ex vivo* retinal preparations has been demonstrated. However, quantitative two-photon autofluorescence examination of the photoreceptor and inner retinal neurons has not been examined in freshly isolated, i.e., living, retinas. Early investigations suggested that excitation efficiencies and emitted spectra of the fluorophores can be very sensitive to various environmental factors such as partial pressure of oxygen, solvent polarity or viscosity, etc. \[[@r7],[@r30]\]. Therefore, physiological solutions may provide for more accurate measurement of autofluorescence associated with live tissue.

The purpose of this study is to quantify two-photon excited autofluorescence signals from photoreceptors and inner neurons in freshly isolated retinas. In oxygenated Ringer's solution, freshly isolated retinas are viable and excitable, at least for a few hours. We have recently using freshly isolated retinas, including both sliced \[[@r31]\] and flat-mounted \[[@r32]--[@r39]\] retinas, to investigate stimulus-evoked retinal neural activities. In this study, the same retinal preparation, i.e., isolated but living retinas, to characterize cellular sources of retinal autofluorescence. In the freshly isolated retinas, robust autofluorescence signals were consistently observed across whole retinal depth, i.e., the photoreceptor layer (PRL), outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), inner plexiform layer (IPL), and ganglion cell layer (GCL). Characteristic autofluorescence patterns were imaged over different retinal layers, and autofluorescence signals of individual retinal layers were quantitatively compared.

2. Method {#sec1-2}
=========

2.1. Retinal preparation {#sec2-1}
------------------------

Isolated leopard (*Rana pipiens*) frog retinas were used for the experiments. Isolated retinas provide a simple preparation to investigate cellular sources of autofluorescence in the retina without the complications associated with the presence of other ocular tissues and eye movements. Both sliced and flat-mounted retinas were used for this study. A retinal slice opens a cross-section of the retina, and thus allows simultaneous monitoring of autofluorescence signal from the photoreceptor outer segments to inner retina; while a flat-mounted retina allows depth-resolved imaging of individual retinal layers. The experimental procedures were approved by the Institutional Animal Care and Use Committee of University of Alabama at Birmingham. Details of the preparation of flat-mounted retinas \[[@r34]\] and retinal slices \[[@r31]\] have been previously reported. Briefly, retinal dissection was conducted in a dark room with dim red illumination. The frog was sacrificed by rapid decapitation and double pithing before the eyes were enucleated. The eyeball was hemisected below the equator with fine scissors to remove the lens and anterior structures before separating the retina from the retinal pigment epithelium. The isolated retina was directly used for flat-mounted imaging, or cut into \~200 μm slices for cross section imaging of the retina. During the recording, the retina was immersed in oxygenated Ringer's solution containing (in mM) \[[@r40]\]: 110 NaCl, 2.5 KCl, 1.6 MgCl~2~, 1.0 CaCl~2~, 22 NaHCO~3~, and 10 D-glucose.

2.2. Experimental setup {#sec2-2}
-----------------------

[Figure 1](#g001){ref-type="fig"} Fig. 1Schematic diagram of the experimental setup for two-photon imaging of the frog retina. A mode-locked Ti:sapphire laser (Chameleon, Coherent Inc.) was used to provide excitation light (720 nm). At the dichroic mirror, the long-wavelength 720 nm excitation light (red rays) was passed through and the short-wavelength emission light (green rays) was reflected. A band-pass (450-550 nm) filter was placed in front of the photomultiplier tube (PMT). shows a schematic diagram of the experimental setup. Equipped with an ultrafast mode-locked Ti:sapphire laser (Chameleon, Coherent Inc.), a laser scanning multi-photon microscope (Prairie Technologies) was used for two-photon exited autofluorescence imaging of freshly isolated retinas. During the recording, 720 nm laser pulses were selected for autofluorescence excitation of both flat-mounted retinas and retinal slices. Similar laser wavelength has been used for two-photon autofluorescence investigation of ocular tissues \[[@r11]\]. The width of each laser pulse was \<140 fs, and the repetition rate was 90 MHz. The averaged laser power was adjusted between 2\~10 mW which was measured at the specimen position and did not result in obvious damage of the retinal tissues. A high sensitivity photomultiplier tubes (PMT, H7422P, Hamamatsu Photonics) was employed for autofluorescence recording. A typical imaging frame (512 x 512 pixels) period used in the experiments was \~6.8 s, which corresponded to a 25.2 μs pixel dwell time (i.e. laser exposure time of each pixel).

3. Results {#sec1-3}
==========

3.1. Autofluorescence imaging of retinal slices {#sec2-3}
-----------------------------------------------

The first step of this study was to verify multiple sources of autofluorescence signals in the retina. We started the experiments using freshly isolated frog retinal slices. [Figure 2A](#g002){ref-type="fig"} Fig. 2(A) Transmission image of a frog retinal slice. During the recording, the retinal slice was continuously illuminated by an infrared (800-1000 nm) light. The PRL, ONL, OPL, INL, IPL, GCL could be directly differentiated. (B) Representative two-photon fluorescence image of frog retinal slices. The excitation light was set at 720 nm, and the average power is \~5 mW. In this image, single cellular structures (green arrowheads) were clearly observed in the PRL, ONL, INL, and GCL. Individual Müller glial cells (red arrowheads) were observed. (C) Averaged autofluorescence (AF) signal at each depth of the retinal slice shown in [Fig. 2B](#g002){ref-type="fig"}. represents conventional transmission image; while [Fig. 2B](#g002){ref-type="fig"} represents two-photon exited autofluorescence image ([Fig. 2B](#g002){ref-type="fig"}) of retinal slices. [Figure 2C](#g002){ref-type="fig"} shows averaged autofluorescence signal at each depth of the retina shown in [Fig. 2B](#g002){ref-type="fig"}. High resolution two-photon imaging disclosed robust autofluorescence from multiple retinal layers, including PRL, ONL, OPL, INL, IPL and GCL, with sub-cellular spatial resolution. Retinal slice experiments indicated that the 720 nm pulse laser can provide autofluorescence excitation of both photoreceptors and inner retinal cells. In comparison with the conventional transmission imaging ([Fig. 2A](#g002){ref-type="fig"}), the two-photon autofluorescence measurement ([Fig. 2B](#g002){ref-type="fig"}) showed significantly improved image contrast, allowing direct observation of single cells (green arrowheads in [Fig. 2B](#g002){ref-type="fig"}) at individual functional layers, and also fiber like Müller glial cells that initiated from the GCL and penetrated into inner retinal layers (red arrowheads in [Fig. 2B](#g002){ref-type="fig"}). Although autofluorescence signals were consistently observed throughout the retina, the signal efficiency of the outer retina, e.g., PRL, was significantly higher than that of inner retinal layers ([Fig. 2C](#g002){ref-type="fig"}).

3.2. Autofluorescence imaging of flat-mounted retinas {#sec2-4}
-----------------------------------------------------

The second phase of this study was to test the feasibility of depth-resolved imaging of two-photon excited autofluorescence in flat-mounted retinas, i.e., isolated but living retinas. [Figures 3A--F](#g003){ref-type="fig"} Fig. 3Two-photon excited autofluorescence imaging of the flat-mounted retina. The 720 nm excitation light was delivered from the GCL side, i.e., the GCL side faced to the objective in [Fig. 1](#g001){ref-type="fig"}. Two-photon images of the PRL (A), ONL (B), OPL (C), INL (D), IPL (E), and GCL (F), were collected with identical excitation power of \~10 mW. The white square in A marks the region of interest shown in greater detail in [Fig. 4](#g004){ref-type="fig"}. (G) Depth-resolved scan, i.e., a cross-section, of a line area of the flat-mounted retina. (H) Comparison of rod and cone autofluorescence recorded from 6 retinal preparations R1-6. For each retina, 10 rods and 10 cones were randomly selected for average calculations of the rod and cone autofluorescence. The line bars indicate standard deviation. represents two-photon images of the PRL, ONL, OPL, INL, IPL, and GCL, respectively. [Figure 3G](#g003){ref-type="fig"} shows a cross-section scan, from the GCL to the PRL, of the flat-mounted retina. As shown in [Fig. 3A](#g003){ref-type="fig"}, PRL autofluorescence was dominantly localized at intracellular compartment of individual photoreceptors; while ONL, INL and GCL autofluorescence images were dominated by extracellular signals, although mixed intracellular and extracellular patterns were observed. Different brightness of individual cells, which might reflect variable cell types, was observed. Bright spots were observed in the OPL and IPL ([Figs. 3C](#g003){ref-type="fig"} and [3E](#g003){ref-type="fig"}). Mosaic pattern of rod and cone photoreceptors was clearly observed in [Fig. 3A](#g003){ref-type="fig"}. The rod (blue arrowheads in [Fig. 3A](#g003){ref-type="fig"}) and cone (red arrowheads in [Fig. 3A](#g003){ref-type="fig"}) photoreceptors could be separated simply based on their cellular sizes. In general, the outer segment diameter of frog rods (\~5-8 μm) is larger than that of the cones (\~1-3 μm) \[[@r41],[@r42]\]. Moreover, single and double cones could be further separated (green arrowheads in [Fig. 4B](#g004){ref-type="fig"} Fig. 4(A) Enlarged PRL illustration of a sub-image marked by the white square in [Fig. 3A](#g003){ref-type="fig"}. This image revealed that the rod (blue arrowheads) autofluorescence was relatively homogenous at the cellular level; while a bright spot with sub-cellular structure was frequently observed in the cones (red arrowheads). (B) Another example of autofluorescence image of the rod and cone mosaics. Bright autofluorescence spots were consistently observed in the cones (red arrowheads) and double cones (green arrowhead). (C) and (D) show peak and average values of 5 representative cones and 5 rods, respectively.). In overall, the cones show brighter autofluorescence than that of the rods ([Fig. 3H](#g003){ref-type="fig"}).

[Figure 4A](#g004){ref-type="fig"} shows enlarged PRL illustration of a sub-image marked by the white square in [Fig. 3A](#g003){ref-type="fig"}. From [Fig. 4A](#g004){ref-type="fig"}, we observed that the rod (blue arrowheads) autofluorescence was relatively homogenous at the cellular level; while distinct bright spots were frequently observed in the cones (red arrowheads). In order to demonstrate the repeatability of the experiment, [Fig. 4B](#g004){ref-type="fig"} shows another example of autofluorescence image of the rod and cone mosaics. The peak value, i.e., the pixel value with highest brightness, of individual cones ([Fig. 4C](#g004){ref-type="fig"}) was significantly (\~1.7 times) larger than the average cone value; while the peak value of individual rods ([Fig. 4D](#g004){ref-type="fig"}) was only slightly (\~1.2 times) larger than the average rod value.

In order to further characterize the rod and cone autofluorescence, [Fig. 5](#g005){ref-type="fig"} Fig. 5Top panel shows depth-resolved imaging of the PRL autofluorescence. The images were collected with 2 μm depth interval and 0.3 μm pixel size. The excitation power was \~5 mW. A bright autofluorescence spot was frequently observed in the cone. Primary bright spots were localized at z = 16-30 μm relative to the PRL side retinal surface. Bottom panel is quantitative comparison of autofluorescence between rods and cones at z = 12-34 μm. At each depth, 6 rods and 6 cones were used for averaging. The line bars indicate standard deviation. shows depth-resolved image sequence of the PRL with a depth interval of 2 μm. During the recording, the transverse scanning step, i.e., pixel resolution was improved to 0.3 μm (compared to the 0.5 μm pixel size used for the experiments shown in [Fig. 3](#g003){ref-type="fig"} and [Fig. 4](#g004){ref-type="fig"}). In order to minimize signal cross-talk of adjacent rods and cones, the excitation power was lowered to \~5 mW (compared to the 10 mW used for the experiments shown in [Fig. 3](#g003){ref-type="fig"}). High resolution two-photon imaging consistently revealed bright autofluorescence spots in the cones. Depth-resolved recording indicated that the bright spots were localized primarily at z = 16-30 μm, relative to the PRL side retinal surface.

3.3. Comparison of autofluorescence signals in retinal slices and flat-mounted retinas {#sec2-5}
--------------------------------------------------------------------------------------

In retinal slices, the autofluorescence sensitivity of the PRL was significantly higher than that of inner retinal layers ([Figs. 2B](#g002){ref-type="fig"} and [2C](#g002){ref-type="fig"}). However, in flat-mounted retinas, relative fluorescence sensitivity, i.e., signal contrast to other retinal layers, of the PRL was compromised ([Figs. 3A--H](#g003){ref-type="fig"})). [Figure 6](#g006){ref-type="fig"} Fig. 6Averaged autofluorescence of the PRL, ONL, OPL, INL, IPL and GCL. 6 retinal slices and 6 flat-mounted retinas were used for the average. Red and blue bars show the signals recorded from retinal slices and flat-mounted retinas, respectively. The line bars indicate standard deviation. shows autofluorescence averages of the PRL, ONL, OPL, INL, IPL and GCL in retinal slices and flat-mounted retinas.

4. Discussion {#sec1-4}
=============

In summary, two-photon excited autofluorescence imaging of freshly isolated frog retinas was conducted. Freshly isolated retinas could be maintained in a physiological environment that can minimize the differences from *in situ* metabolic status of living retinas. High resolution examination of the freshly isolated retinas verified multiple cellular sources, including the PRL, ONL, OPL, INL, IPL, and GCL of retinal autofluorescence. Both retinal slices and flat-mounted retinas were used for this study. Two-photon image of the retinal slice revealed that signal efficiency of the PRL was significantly higher than that of inner retinal layers, although autofluorescence signals were consistently observed over the whole thickness of the retina ([Fig. 2C](#g002){ref-type="fig"}). In contrast, autofluorescence sensitivity of the PRL was compromised in flat-mounted retinas ([Figs. 3A--H](#g003){ref-type="fig"}). This might result from reduced light efficiency due to light scattering, absorption, and aberration, in the flat-mounted retinal preparation.

At the PRL, autofluorescence was dominantly confined to the intracellular compartment. High-resolution imaging revealed the mosaic organization of rod and cone photoreceptors, and single and double cones could be identified ([Fig. 3](#g003){ref-type="fig"} and [Fig. 4](#g004){ref-type="fig"}). Autofluorescence distribution in the rod outer segment was relatively homogenous; while sub-cellular bright spots with light intensity well above average level were revealed in the cone outer segment ([Figs. 3](#g003){ref-type="fig"} and [4](#g004){ref-type="fig"}). Early investigations suggested that autofluorescence signals of outer and inner photoreceptor segments were related to all-trans retinol and nicotinamide adenine dinucleotide phosphate (NADPH), respectively \[[@r11],[@r23],[@r26]\]. However, the observed bright autofluorescence spots in cones might not, at least not completely, result from the all-trans retinol. These bright spots were frequently observed at the periphery of the cones ([Fig. 4](#g004){ref-type="fig"}). We speculate that the bright autofluorescence spots might be related to the connecting cilium (CC), which links the inner segments to the outer segments. It is well established that the CC constitutes a sort of highway for proteins, such as rhodopsin, travelling to and from the outer segment \[[@r43]\]. These proteins might contribute to the observed bright autofluorescence spots by producing autofluorescence signals directly. Alternatively, the CC might act as a light waveguide to affect the excitation and collection efficiency of all-trans retinol in sub-cellular locations, relative to the CC axis, in the cone outer segments. Early investigations indicated that the length of the cone outer segment is 7-13 μm \[[@r41]\], which is consistent with the observed depth range (\~14 μm, i.e., z = 16-30 μm in [Fig. 5](#g005){ref-type="fig"}) of the bright autofluorescence spots.

In other retinal layers, both intracellular and extracellular autofluorescence signals were observed. Cellular structures were clearly observed at the ONL, INL, and GCL, while bright autofluorescence spots, which might relate to individual nerve terminals, were observed in the OPL and IPL. According to previous investigations with retina and other biological tissues, the observed autofluorescence might result from reduced nicotinamide adenine dinucleotide (NADH) and reduced nicotinamide adenine dinucleotide phosphate (NADPH), collectively referred to as NAD(P)H, and the oxidized forms of flavoproteins \[[@r11]\]. Most of the NAD(P)H fluorescence originates from the mitochondria and can serve as the basis for redox fluorometry. Therefore, pyridine nucleotides and flavins not only can provide morphological contrast, but may also act as valuable biomarkers for functional imaging of metabolic activity of living tissues \[[@r11]\].

In conclusion, two-photon imaging of freshly isolated retinas revealed multiple, intracellular and extracellular, sources of endogenous fluorophores that were simultaneously excited by the constant-wavelength (720 nm) light from a pulsed laser. Because autofluorescence signals originated from both outer and inner retinal layers, signal specificity of fundus autofluorescence imaging is limited and cross-contamination among different cell types is not negligible. Further investigations are necessary to understand biophysical and biochemical mechanisms of retinal autofluorescence better. We are currently pursuing further experiments with mammalian retinas that have a closer similarity with human retinas to verify the autofluorescence inhomogeneity observed in the frog photoreceptors, and to characterize the autofluorescence mechanisms. In coordination with variable controls of excitation wavelength and spectral measurement, advanced investigations of retinal autofluorescence in the retina of animal models may provide insight in the development of a new imaging methodology for selective evaluation of the rod, cone, and inner retinal neurons, which may lead to better study and improved diagnosis of AMD \[[@r1],[@r2]\], diabetic retinopathy (DR) \[[@r3],[@r4]\], and glaucoma \[[@r5],[@r6]\], retinitis pigmentosa (RP) \[[@r44]\], and other eye diseases that can produce functional damages of retinal cells.
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